Background: We evaluated agreement among several definitions of accelerated knee osteoarthritis (AKOA) and construct validity by comparing their individual associations with injury, age, obesity, and knee pain. Methods: We selected knees from the Osteoarthritis Initiative that had no radiographic knee osteoarthritis [Kellgren-Lawrence (KL) 0 or 1] at baseline and had high-quality quantitative medial joint space width (JSW) measures on two or more consecutive visits (n = 1655 knees, 1143 participants). Quantitative medial JSW was based on a semi-automated method and was location specific (x = 0.25). We compared six definitions of AKOA: stringent JSW (averaged): average JSW loss greater than 1.05 mm/year over 4 years; stringent JSW (consistent): JSW loss greater than 1.05 mm/year for at least 2 years; lenient JSW (averaged): average JSW loss greater than 0.25 mm/year over 4 years; lenient JSW (consistent): JSW loss greater than 0.25 mm/year for at least 2 years; comprehensive KL based: progression from no radiographic osteoarthritis to advance-stage osteoarthritis (KL 3 or 4; development of definite osteophyte and joint space narrowing) within 4 years; and lenient KL based: an increase of at least two KL grades within 4 years. Results: Over 4 years the incidence rate of AKOA was 0.4%, 0.8%, 15.5%, 22.1%, 12.4%, and 7.2% based on the stringent JSW (averaged and consistent), lenient JSW (averaged and consistent), lenient KL-based definition, and comprehensive KL-based definition. All but one knee that met the stringent JSW definition also met the comprehensive KL-based definition. There was fair substantial agreement between the lenient JSW (averaged), lenient KL-based, and comprehensive KL-based definitions. A comprehensive KL-based definition led to larger effect sizes for injury, age, body mass index, and average pain over 4 years. Conclusions: A comprehensive KL-based definition of AKOA may be ideal because it represents a broader definition of joint deterioration compared with those focused on just joint space or osteophytes alone.
Introduction
Accelerated knee osteoarthritis (AKOA) may be a unique subset of knee osteoarthritis that is associated with a knee injury [Driban et al. 2014 ] and greater age [Driban et al. 2014] , body mass index (BMI) [Driban et al. 2014] , and knee pain [Driban et al. 2015a ]. Some investigators have suggested that recruiting individuals with AKOA for clinical trials could accelerate the development and testing of therapeutic interventions for osteoarthritis [Lohmander and Felson, 2004; Dam et al. 2009; Eckstein et al. 2009 ]. Conversely, some have raised concerns that if AKOA is a unique subset of knee osteoarthritis then selectively recruiting these participants may lead to results that are not generalizable to the overall population with osteoarthritis [Lohmander and Felson, 2004] . There is a pressing need to study individuals with AKOA to determine if we can identify individuals at risk for AKOA, a prerequisite if we want to include them in trials or implement prevention strategies. We must also clarify if AKOA is truly a unique subset of knee osteoarthritis, which may be characterized by distinct risk factors, pathological processes, and response to therapies. Unfortunately, there are several definitions of AKOA, which makes it challenging to understand this phenotype.
At least five research groups have offered a definition of AKOA, including two definitions based on changes in overall radiographic severity [changes in Kellgren-Lawrence (KL) grades] [Driban et al. 2014 [Driban et al. , 2015a [Driban et al. , 2015b [Driban et al. , 2016 Wesseling et al. 2015] and three definitions based on joint space width (JSW) changes [Bartlett et al. 2011; Neogi et al. 2012; Hochberg, 2015; Roemer et al. 2015] . A comprehensive KL-based definition requires a knee to progress from no radiographic osteoarthritis (KL 0 or 1) to advanced-stage knee osteoarthritis (presence of a definite osteophyte and joint space narrowing, KL 3 or 4) within 4 years [Driban et al. 2014 [Driban et al. , 2015a [Driban et al. , 2015b [Driban et al. , 2016 ; however, a more lenient KL-based definition [Wesseling et al. 2015] also includes individuals who progress from KL 0 (no osteoarthritis) to KL 2 (presence of a definite osteophyte) within 4 years. The three JSW-based definitions require a knee to lose more than 0.25 mm/year of medial JSW [Neogi et al. 2012 ], more than 1.05 mm/year of medial JSW [Bartlett et al. 2011 ], or at least 2.00 mm/year of JSW [Hochberg, 2015; Roemer et al. 2015] . The implications of using these various definitions remains unclear; however, the prevalence of AKOA based on each definition varies: 3.4% of participants with a comprehensive KL-based definition [Driban et al. 2014 [Driban et al. , 2015a [Driban et al. , 2015b [Driban et al. , 2016 , 10-15% with the lenient KL-based definition (Wesseling et al. 2015) , 2% with more than 1.05 mm/year of medial JSW [Bartlett et al. 2011] , and 23% with more than 0.25 mm/year of medial JSW [Neogi et al. 2012 ]. Since no study has examined all of these definitions in one study sample, it remains unclear how the various definitions influence prevalence rates, relate to each other, and influence effect estimates for known risk factors and knee pain.
It is important to compare these definitions of AKOA so we can understand how they may influence the results. Therefore, we evaluated agreement among several definitions of AKOA and construct validity by comparing their individual associations with injury, age, obesity, and knee pain. We hypothesized that a definition of AKOA that requires changes throughout a joint, development of a definite osteophyte and joint space narrowing, would have moderate agreement with other definitions. This comprehensive definition will offer the greatest effect estimates for known risk factors for the condition and knee pain.
Methods

Participants
We used data from the Osteoarthritis Initiative (OAI), which is a longitudinal multicenter observational study in the United States. Between February 2004 and May 2006, 4796 men and women (45-79 years of age) with or at risk for knee osteoarthritis were recruited at four clinical sites: Memorial Hospital of Rhode Island, The Ohio State University, University of Maryland and Johns Hopkins University, and the University of Pittsburgh. The clinical staff also recruited a small subsample (n = 122) of individuals without symptomatic knee osteoarthritis and no risk factors for osteoarthritis. The OAI protocol and eligibility criteria are publicly available at the OAI website (https://oai.epi-ucsf.org, accessed June 27, 2016). Institutional review boards at each OAI clinical site and the coordinating center (University of California, San Francisco) approved the OAI study. All participants provided informed consent.
To evaluate agreement among several definitions of AKOA and construct validity we selected 1655 knees (1143 participants) that had no radiographic knee osteoarthritis (KL 0 or 1) at baseline and had quantitative medial JSW measures on high-quality radiographs on at least two consecutive visits. We defined a high-quality knee radiograph as a radiograph with a beam angle between 5° and 15° and inter-tibial rim distance change between adjacent visits of ±2 mm. The latter criterion helped to ensure that the knee position was consistent between visits.
Quantitative joint space width
Bilateral, weight-bearing, fixed-flexion posterioranterior knee radiographs were obtained at baseline and the first four annual follow-up visits. Quantitative medial JSW was based on a well validated semi-automated method that uses locationspecific measures [Duryea, 2003; Neumann et al. 2009 ]. For our analyses we focused on the location in the medial tibiofemoral compartment that is most responsive to change (x = 0.250) [Neumann et al. 2009 ]. The cross-sectional and longitudinal reliability are excellent (intra-class correlation coefficient ⩾ 0.93). All JSW data, reliability reports, and protocols are publicly available at the OAI website (files: kxr_qjsw_duryea##, versions: 0.6, 1.6, 3.5, 5.5, and 6.3).
Semi-quantitative radiographic scores
Central readers, who were blinded to the order of follow-up radiographs scored the aforementioned radiographs for KL grades (0-4). The agreement for these readings (read-reread) was good [weighted κ (intra-rater reliability) = 0.70-0.80]. These KL grades are publicly available (files: kXR_SQ_BU##_SAS, versions 0.6, 1.6, 3.5, 5.5, and 6.3).
Clinical data
A priori we selected four key clinical variables to assess the various definitions of AKOA. Baseline age [Driban et al. 2014] , BMI [Driban et al. 2014] , recent knee injury [Driban et al. 2014] , and average WOMAC knee pain score (averaged across all visits) [Driban et al. 2015a] were selected because these variables are different between people with AKOA and those with more gradual onset of knee osteoarthritis or no knee osteoarthritis. At each follow-up visit participants were asked 'Since your last annual visit to the OAI clinic about 12 months ago, have you injured your right knee badly enough to limit your ability to walk for at least two days?'. A similar question was asked for the left knee. If a participant answered yes to one of these questions at any follow-up visit then the knee had a recent knee injury.
Definitions of accelerated knee osteoarthritis
We considered six definitions of AKOA: two KL-based definitions and four JSW-based definitions. A comprehensive KL definition was based on a knee progressing from no radiographic osteoarthritis (KL 0 or 1) to advanced-stage knee osteoarthritis (KL 3 or 4) within 4 years, which would require the development of a definite osteophyte and joint space narrowing [Driban et al. 2014 [Driban et al. , 2015a [Driban et al. , 2015b . A lenient KL definition was defined by a knee with no radiographic osteoarthritis at baseline but the KL score increased two grades within 4 years [Wesseling et al. 2015 ]. The two KL-based definitions are similar except that the lenient KL definition would include an individual who progressed from KL 0 (no radiographic osteoarthritis) to KL 2 (presence of a definite osteophyte).
The four JSW-based definitions were derived from previous latent class analyses [Bartlett et al. 2011; Neogi et al. 2012] : stringent JSW (averaged): average JSW loss greater than 1.05 mm/year over 4 years [Bartlett et al. 2011] ; stringent JSW (consistent): JSW loss greater than 1.05 mm/year for at least 2 years [Bartlett et al. 2011] ; lenient JSW (averaged): average JSW loss greater than 0.25 mm/year over 4 years [Neogi et al. 2012] ; and lenient JSW (consistent): JSW loss greater than 0.25 mm/year for at least 2 years [Neogi et al. 2012 ]. We focused on medial JSW for these definitions because the prior studies only examined the medial tibiofemoral compartment [Bartlett et al. 2011; Neogi et al. 2012] . One other definition of AKOA, which requires at least 2.00 mm JSW loss in 1 year, has been published [Hochberg, 2015; Roemer et al. 2015] , but based on the small sample size that met the stringent JSW definition we did not explore this definition. Figure 1 shows a knee that met the criteria for all definitions.
Statistical analyses
All analyses were knee based and considered each knee as independent observations. We calculated κ statistics between the JSW-based definitions, lenient KL definition, and the comprehensive KL-based definition of AKOA. We interpreted the κ statistics as poor (κ < 0.00), slight (κ = 0.00-0.20), fair (κ = 0.21-0.40), moderate (κ = 0.41-0.60), substantial (κ = 0.61-0.80), and almost perfect (κ = 0.81-1.00) [Landis and Koch, 1977] . As a form of construct validity, we examined how the different definitions influenced the effect size of group differences (AKOA or no AKOA) of an injury during the first 4 years of the OAI, baseline age, baseline BMI, and average WOMAC pain score from baseline and the first four annual visits. Based on the calculated effect sizes we estimated the sample size that would be required to detect a significant difference using a two-tailed independent t test (power = 0.90, α = 0.05; G*Power 3.1.2) or odds ratio (PASS 14) . To follow up on our primary analyses, we replicated the primary analyses using person-level data (n = 512). For the person-level analyses, we selected people as described above but limited the sample to those who had no radiographic osteoarthritis in either knee at baseline (KL 0 or 1).
Results
Over 4 years the incidence rate of AKOA ranged from 0.4% to 22.1%: comprehensive KL = 7.2%, lenient KL = 12.4%, stringent JSW = 0.4% (averaged) and 0.8% (consistent), and lenient JSW = 15.5% (averaged) and 22.1% (consistent). All but one knee that met the stringent JSW definition (averaged) also met the comprehensive KL-based definition (see Figure 2 ). There was fair to substantial agreement between the lenient JSW (averaged κ = 0.36), lenient KL-based (κ = 0.71), and comprehensive KL-based definitions ( Figure 2 ).
Based on the comprehensive KL definition, lenient KL definition, and lenient JSW (averaged) definition, baseline age, BMI, average WOMAC knee pain, and recent knee injury were statistically different between those with and without AKOA (see Table 1 ). Qualitatively, the comprehensive KL-based definition led to larger effect sizes for injury, age, BMI, and average knee pain.
We also explored the subset who met the lenient KL definition and not the comprehensive KL definition (i.e. those who progressed from KL 0 to KL 2; developed a definite osteophyte but not joint space narrowing). Among these 87 knees, average WOMAC knee pain was no longer different between those with and without AKOA and the effect estimates were smaller than those found using the comprehensive KL definition. To differentiate between those with and those without AKOA based on WOMAC knee pain, an investigator would need 1074 participants/group if they only included those who progressed from KL 0 to KL 2. In comparison, if an investigator included everyone who met the lenient KL definition, they would need 126 participants/group or 62 participants/group if an investigator used the comprehensive KL definition.
Finally, we explored the subset who met the lenient JSW definition (averaged) and not the comprehensive KL definition (i.e. those who primarily had JSW change). Among these 177 knees, average WOMAC knee pain was no longer different between those with and those without AKOA and the effect estimates were smaller than those found using the comprehensive KL definition. To differentiate between those with and those without AKOA based on WOMAC knee pain, an investigator would need 1461 participants/group if they only included those with primarily JSW change versus 194 participants/group using everyone who met the lenient JSW (averaged) definition or 62 participants/group based on the comprehensive KL definition.
The secondary analyses, which were based on person-level data, supported the primary findings (see Table 1 ).
Discussion
This is the first study to assess various definitions of AKOA. We found fair to substantial agreement among some definitions of AKOA but the discordance between definitions may be important. A comprehensive KL-based definition of AKOA that accounts for osteophyte formation and joint space narrowing may be ideal because it offers greater effect estimates for known risk factors for the condition and knee pain. The other definitions offer a larger sample size but at the cost of less specificity, which dilutes the effect estimates.
The performance of the comprehensive KL-based definition may be related to a requirement for changes in JSW and osteophytes compared with definitions that include people with only JSW change or osteophyte development. JSW measurements and the presence of an osteophyte are associated with knee pain and obesity [Spector et al. 1993; Lanyon et al. 1998 ] but requiring changes in both may lead to a stronger association. Given that osteoarthritis is a whole organ disease involving changes in bone, cartilage, menisci, and other structures, it makes sense to define AKOA based on the combination of JSW and osteophytes.
This study helped to clarify how the different definitions agree and influence results, but there were some limitations. For example, there is no gold-standard definition for AKOA to serve as a reference. It is possible that the comprehensive KL-based definition includes a more specific smaller subset of AKOA. For example, a knee that progresses from no radiographic OA to Table 1 . JSW, joint space width. ‡ lenient KL definition was defined by a knee with no radiographic osteoarthritis at baseline but the KL score increased 2 grades within 4 years [Wesseling et al., 2015] . § lenient JSW (averaged) definition was defined by an average JSW loss >0.25 mm/year over 4 years [Neogi et al., 2012] .
advanced stage OA within 12 months or that experiences JSW loss of at least 2 mm/year. Future studies should explore the implications of these more aggressive forms of progression to determine if they are different than the other knees that the comprehensive KL-based definition identifies.
We found fair to substantial agreement among some definitions of AKOA, but the discordance between definitions may be important. A KL-based definition of AKOA that accounts for osteophyte formation and joint space narrowing may be ideal because it offers greater effect estimates for known risk factors for the condition and knee pain. Alternative definitions of AKOA may have less specificity. The performance of the comprehensive KL-based definition may be related to the broader definition of joint changes compared with those focused on just joint space or osteophytes alone. Average WOMAC pain across the first five visits. Mean (standard deviation) unless noted otherwise. *Effect size: d = mean difference/standard deviation for continuous measurements and OR = odds ratio for recent knee injury. $ p < 0.05 with an independent sample t test. ‡ lenient KL definition was defined by a knee with no radiographic osteoarthritis at baseline but the KL score increased 2 grades within 4 years [Wesseling et al., 2015] . § lenient JSW (averaged) definition was defined by an average JSW loss >0.25 mm/year over 4 years [Neogi et al., 2012] . BMI, body mass index; KL, Kellgren Lawrence; JSW, joint space width.
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